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Abstract 
Ni–P coated Si3N4 reinforced Al6061 composites were fabricated by stir casting technique. Silicon nitride particles were varied 
in steps of 2 from 6 wt.% to 10 wt.%. Cast matrix alloy and developed composites were hot forged at a temperature of 500◦C 
using a 300T hydraulic hammer. Both as cast, hot forged matrix alloy and its composites were subjected to microstructural 
studies and fatigue strength tests. Microstructural studies reveal even distribution of silicon nitride particles with excellent bond 
between the matrix and reinforcement in both as cast and hot forged condition. It is observed that, increased content of 
reinforcement in both as cast and hot forged composites do result in significant improvement in fatigue strength. However, when 
compared with as cast matrix alloy and its composites, hot forged alloy and its composites exhibit higher fatigue strength. Both 
as cast and hot forged composites demonstrate improved fatigue strength when compared with the unreinforced alloys under 
identical test conditions. Fractured surfaces were examined using scanning electron microscopy (SEM) for the possible fracture 
mechanisms.  
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1. Introduction  
Discontinuously reinforced aluminum based metal matrix composites offers enhanced mechanical properties over 
conventional alloys /metals (Mahendra et al., 2013 and Veeresh et al., 2011). High strength-to-weight ratios, 
stiffness, modulus, wear and corrosion resistance are some of the significant properties of aluminum based metal 
matrix composites over conventional alloys [Han 1999]. 
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Various techniques are available to synthesis aluminum based metal matrix composites (Bekir et al., 2008; Mondal 
et al., 2008 and Ramesh et al., 2007). Among all the techniques available, liquid metallurgy route is one of the most 
versatile and widely accepted technique owing its simplicity and applicability to large quantity production (Ramesh 
et al 2007 and Hashim et al., 1999). However, composites prepared by this technique cannot be used directly for 
engineering applications due to uneven distribution and poor wettability of reinforced particles, formation of 
interfacial products between matrix and reinforcement, presence of casting defects like due to incomplete adhesion 
of reinforced particles (Leon et al., 2000; Foo et al., 1994 and shubin et al., 2008). It is reported that the above 
mentioned problems can be minimized /eliminated by providing metallic coating on ceramic particles. Metallic 
coated ceramic particles reinforced composites exhibits superior mechanical and tribological properties when 
compared with uncoated ones (Ray, 1993 and Asthana and Rohathgi, 1993). On the other hand, it has been reported 
by several researchers (Durrant et al., 1993; Ozdemir et al., 1993 and Umit et al. 2002) that secondary processing of 
aluminum composites do help in reducing the porosity level, even distribution of reinforced particles and achieving 
improved bond between matrix and reinforcement. Further, secondary processing of composites do contribute to 
significant improvement in mechanical properties of primarily processed composites. Fatigue behavior of the 
composite is one of the important factors to be studied for cyclic or dynamic applications in automotive, aerospace 
or any other structural applications. As reported by many researchers (Arivukkarasan et al., 2013; Ganesh et al., 
2003 and Asif et al., 2013) fatigue behavior of metal matrix composites are greatly influenced by the nature of 
interface between matrix and reinforcement, reinforcement size, volume fraction and processing route etc. 
Hochreiter et al (1993) et al. have studied the fatigue performance of extruded Al6061 alloy and extruded Al6061-
10% SiC and Al6061-10%Al2O3 composites. They have observed that the fatigue life of Al6061-SiC composites is 
superior to that of Al6061-Al2O3 composite in both low cycle fatigue region as well as in the high cycle fatigue 
region. Srivatsan et al. (2002) have studied the fatigue behavior of SiC particle reinforced 7034 aluminum matrix 
composites. They have reported inherent composite microstructure effects, nature of loading and magnitude of 
cyclic stress amplitude on cyclic fatigue life & fracture characteristics. They have observed that increased load ratio 
has resulted in higher fatigue strength. Further, the fatigue strength of over aged composites is better than under 
aged composites.  Zhu et al. [2003] have studied the fatigue behavior of Al18B4O33 whisker reinforced Al matrix 
composites at high temperature. Fatigue life of composites increased with an increase in volume fraction of 
aluminum borates. They have observed the crack initiation sites at primary Si and whiskers at room temperature, but 
at elevated temperature the matrix served as crack initiator. Chai-Chaw Perng et al. (1993) have reported on low 
cycle fatigue behavior of hot extruded Al6061-Al2O3 composites in T6 conditions. They have observed that fatigue 
strength of 6061/Al2O3-T6 composite is lower than that of the unreinforced 6061-T6 Al alloy especially in the short 
life & high-amplitude region. Han et al.  (1993) have studied the influence of reinforcement size on the fatigue 
behavior of SiC composites. They have observed that the particle size does not have remarkable effect on fatigue 
life of composites. However, meager information is available as regards the fatigue behavior of cast and hot forged 
aluminum based composites. In the light of the above, present investigation is aimed at studying the fatigue behavior 
of cast and hot forged aluminum composites reinforced with silicon nitride particles. 
1. Experimental details  
2.1 Material selection: 
Aluminum 6061 alloy was chosen as matrix material owing to its wide applications in industrial sectors, reasonable 
strength and excellent casting properties. Table -1 reports the chemical composition of Al6061 alloy used in the 
present study.  
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Table.1   Chemical composition of Al6061 alloy 
Element       Si      Fe      Cu      Mn       Ni       Pb      Zn     Ti       Sn      Mg      Cr           Al 
Percentage  0.43    0.43   0.24   0.139    <0.05  0.024  0.006  0.022  0.001  0.802  0.184       Balance 
Silicon nitride (Si3N4) particles were used as reinforcement. The particle size of silicon nitride was in the range of 5 
to 30 μm. Percentage of reinforcement was varied from 4wt% to 10wt%. Further, silicon nitride posses low density, 
high hardness, high fracture toughness and excellent strength over a wide range of temperature, good thermal shock 
and chemical resistance (Takadoum et al., 1998 and Dong et al., 1993). 
 
2.2 Composite Preparation and hot forging  
Aluminum 6061 alloy was melted using a 6kw electrical resistance furnace. Liquid alloy was degassed using 
commercially available hexachloroethane degassing tablet. Fine vortex was created in molten metal using a stirrer 
rotating at a speed of 400 rpm. Silicon nitride particles were added slowly in to molten metal while continuing the 
stirring process. Prior to addition, silicon nitride particles were nickel coated using electro-less nickel coating 
technique to improve its wettability in molten aluminum and to obtain good bond between matrix and 
reinforcement. The details of electro-less nickel coating are available in our earlier works (Ramesh et al., 2009).  
The percentage of Ni-P coated reinforcement was varied from 4 to 10wt% in steps of 2. The composite melt 
maintained at a temperature of 7200C was then poured in to preheated cast iron moulds. The cast Al6061 alloy and 
its composites were further machined to the size of 80mm diameter and 80mm length. The machined billets were 
hot forged at a temperature of 500oC using 300T hydraulic hammer at Fitwell forgings Pvt. Ltd., Tumkur, 
Karnataka, India. Details of forging are available in our previously published work (Ramesh et al., 2011). Both alloy 
and composites were subjected to microstructural studies using optical metallurgical microscope. Samples were 
etched with Keller’s reagent. JEOL 840A JSM scanning electron microscope was used to characterize the fatigue 
fractured surfaces.  
 
2.3 Fatigue Test 
Fatigue tests were conducted using rotating-bending type low-cycle fatigue testing machine as per ASTM E606 
standards at room temperature (Make: Ducom Instruments, Bangalore, Model:TM7001) . The tests were performed 
at constant cyclic frequency of 50 Hz (3000 rev/ min) and at a stress ratio(R) of -1. The number of cycles to cause 
complete failure or separation of sample is taken as fatigue life (Nf).To minimize the effects of surface irregularities 
and finish, a constant surface finish of 1μm was maintained on the gauge section of the test specimens, using 
progressively finer grades of emery paper after machining. The maximum stresses applied during the tests varied in 
the range of 50-200 MPa, corresponding to 50-90% of yield stress of materials (Pineiro-Jimenez et al., 2007). An 
average of three results was considered as fatigue life (Nf) of each sample.  
 
3.0 Results and Discussions  
3.1 Microstructure:  
Fig.1 shows the optical microphotographs of as cast and hot forged Al6061 alloy and Al6061-Si3N4 composites. It is 
observed that irregularly shaped silicon nitride particles are distributed evenly throughout the matrix alloy.  In case 
of hot forged composite the particles are more uniform and are oriented in the direction of metal flow during hot 
forging. Fig.2 shows the optical micrograph of Al6061-Si3N4 composite at higher magnification clearly indicating 
reaction free interface between matrix and reinforcement. A clean and distinct interface seen in the optical 
micrograph is an obvious evidence for reaction free interface and excellent bond that exist between matrix and 
reinforcement. Homogeneous distribution of silicon nitride particles and good bond between matrix and 
reinforcement is highly influenced by Ni-P coating of silicon nitride particles.  
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(a) Cast Al6061 alloy (b) Cast Al6061-10wt%Si3N4 composite 
  
(c) Forged Al6061 alloy (d) Forged Al6061-10wt%Si3N4 composite 
Fig.1 Optical Micrographs of as cast and hot forged Al6061 alloy and its composites 
 
Fig.2 Optical photograph of cast Al6061-Si3N4 composite showing reaction free interface between matrix alloy and reinforcement. 
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3.2 Fatigue strength 
Fig.3 shows the S-Nf diagrams for as cast and hot forged Al 6061 alloy & Al6061-Si3N4 composites. It is observed 
that in both as cast and forged conditions, fatigue strength of Al6061-Si3N4 composites are higher than their 
unreinforced alloys. Addition of silicon nitride particles enhanced the fatigue life of the alloy significantly.  Further, 
the fatigue strength of composites increases with increase in the content of silicon nitride particles in both as cast 
and hot forged conditions.  The improvement in the fatigue strength of the developed composites are significant at 
lower stress levels than the higher stress levels in both as cast & hot forged composites.  In both the cases, the 
highest weight percentage of Si3N4 particles showed remarkable improvement in fatigue strength of the composites 
when compared with the unreinforced alloy. This can be attributed to presence of hard Si3N4 particles. The uniform 
size & distribution of Si3N4 particles throughout the composites enhances the plastic strain required to cause the 
crack initiation in the composite material. The fatigue strength increases with volume fraction of the particles 
because of the significant amount of the load being transferred to the stiffer particulate reinforcement and overall 
lower total strains for a given fatigue stress. 
 
 
 
 
Fig.3 S-Nf  curve of as cast and hot forged Al6061 alloy and Al6061-Si3N4 composites  
 
 
Increase in fatigue strength can also be attributed to the decreased elastic and plastic strains that result from the 
modulus and rate of work hardening, both of which increase with increasing volume fraction of the reinforcements 
(Cevdet Kaynak and Suha Boylu, 2006).  
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Further, reduction in the porosity content will improve fatigue life, as observed by Murphy and Clyne (1995). The 
higher yield strength of developed composites is also responsible for superior fatigue resistance. In addition to this, 
the good interfacial bond between matrix and reinforcement is the major factor which influenced the improved 
fatigue resistance of developed composites. In all the cases studied when compared with cast matrix alloy and cast 
composites, hot forged alloy and its composites exhibited significant improvement in fatigue strength. This may be 
attributed to lower porosity, fine grain size and better mechanical properties when compared with cast matrix alloy. 
Table 2 reports the mechanical properties of as cast and hot forged Al6061 alloy and its composites. It is observed 
that fatigue characteristics of both as cast and hot forged composites are in consistent with trends of mechanical 
properties indicating influence of reinforcement on fatigue strength.  
 As observed from the Table-3 the percentage of porosity that exists in as cast condition is significantly reduced 
after forging. Some of the minor flaws that exist in casting gets healed up during hot forging.  This has played a vital 
role in improving the fatigue strength of the forged composite when compared with cast ones. It has been reported 
that, the clusters of reinforced particles as well as defects like porosity in cast composites act as stress raisers and 
decrease the fatigue resistance of the composites (Rohatgi, 2007). As observed from the micrographs of hot forged 
composites, the distribution of reinforced particles are more uniform than in cast composite leading to higher fatigue 
life. Uniform distribution of reinforced particles minimizes the localized stress concentration and increases the 
fatigue life (Rohatgi, 1993 and Hall et al., 1994). 
 
 
Table:2 Mechanical proprties of as cast and hot forged Al6061 alloy and its composites(Ramesh et al., 2009 and Ramesh et al., 2011) 
 
 
 
Material 
Microhardness (VHN) Yield strength (MPa) Tensile strength (MPa) 
As Cast  Hot forged  As Cast  Hot forged  As Cast  Hot forged  
Al6061 alloy 61.7 64.2 85 94 101 162 
Al6061-4wt%Si3N4 composite 76.6 78.9 94 122 111 169 
Al6061-6wt%Si3N4 composite 82.3 86.7 70 151 176 228 
Al6061-8wt%Si3N4 composite 83.1 91.9 97 173 177 302 
Al6061-10wt%Si3N4 composite 86.6 94.6 128 195 201 306 
 
 
Table:3 Porosity of as cast and hot forged Al6061 alloy and its composites (Ramesh et al., 2011) 
 
 
 As Cast  Hot forged  
Al6061 alloy 1.02 0.74 
Al6061-4wt%Si3N4 composite 1.15 0.81 
Al6061-6wt%Si3N4 composite 1.35 0.88 
Al6061-8wt%Si3N4 composite 1.92 0.95 
Al6061-10wt%Si3N4 composite 2.15 1.18 
  
 
3.3 Fractured surface analysis  
Fig.4 shows the fatigue fractured surfaces of as cast and hot forged composites (Fig.4a-b). Fractured surfaces clearly 
show combination of following modes of fracture (Ganesh et al., 2003; Asif Iqbal et al., 2013; Hochreiter et 
al.,1993; Jody et al., 1994; Chawla et al., 1998; Mazin et al., 2012).  
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1. Crack initiation and propagation in matrix material.  
2. Decohesion and fracture of reinforced particles.  
3. Formation of micro and macro voids in the matrix material.  
 
  
(a) Cast Al6061-Si3N4 composite (b)Hot forged Al6061-Si3N4 composite 
  
(c) Crack in Cast Al6061-Si3N4 composite (d) Crack in Hot forged Al6061-Si3N4 composite 
  
Fig.4(a-d) Fatigue fracture surfaces of as cast and hot forged Al6061-Si3N4 composites 
The fractured surface of as cast composite consists of micro-macro voids and dimples. Where as hot forged 
composites consists of micro voids showing limited ductility of forged composite (Fig.4b).  Fig.4c shows the crack 
initiation in the cast matrix material. As it is observed from the SEM of the fractured surface, the crack is associated 
with the porosity in the matrix material. Presence of porosity in the matrix alloy acts as a stress concentrators and 
helps in crack initiation. It is also observed that the crack has initiated from the surface (Fig.4a) in cast composite. 
The region around the crack does not show any indication of particle fracture or particle decohesion. In addition to 
this, particle fracture is also seen in many regions of cast composites (Fig.5). This evidently signifies that crack 
initiation is due to porosities / surface defects in the matrix alloy and not in the region of particle matrix interface.   
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Fig.5 Fractured surface of cast Al6061-Si3N4 composite showing fracture of reinforced particles 
The crack initiated at the defect point has propagated through the weakest regions (i.e in the matrix alloy) due to 
presence of reinforced particles which acts as strong obstacles (Fig.6). When several microposities in the matrix 
alloy interacts with crack, the growth rate of the crack was very high. The matrix area around the reinforced phase 
shows the micro voids owing to reduced ductility of matrix alloy.  
 
Fig.6 Al6061-Si3N4 composite showing the regions of crack propagation  
However, In case of forged composites the crack initiation and propagation in the matrix region is away from the 
particles and no crack has been seen at the interface (Fig.7). 
 
 
Fig.7 Fractured surface of forged Al6061-Si3N4 composite showing crack initiation and propagation in matrix region. 
 The extent of particle fracture is high in case of forged composites when compared with cast ones (Fig.8). This is a 
clear evidence for increased interfacial strength of forged composites. Presence of strong interfacial strength at the 
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interface offered more resistance to fatigue crack growth and propagation which has helped to longer fatigue life of 
the forged composites.  
 
Fig.8. Fractured surface of forged composite showing large quantity of fractured particles  
Excellent bond between matrix and Si3N4 particles as a result of coating resists or delays the crack initiation and 
propagation.  
Multiple crack initiation points have been found in the cast composites. However, in case of forged composites the 
number of crack initiation points is significantly less. After the crack initiation in the composites, the propagation is 
hindered due to the large volume fraction and uniform distribution of silicon nitride particles. In case of 
unreinforced alloy the velocity of crack propagation is always high due to limited constraints. On the other hand the 
crack propagation has been limited in the forged composites due to large constraints. Thus, the dominant 
mechanisms involved in the fracture forged composites are formation of micro voids in the matrix and crack in the 
reinforced particles. The flat fractured surface observed in the forged composites shows the limited ductility of the 
matrix and the fracture is brittle (Fig.9). 
 
Fig.9. Fractured surface of forged Al6061-Si3N4 composite showing flat surface 
Large quantity of the voids observed in the cast composites are due to combined decohesion of reinforced phase and 
ductile flow of matrix material. It appears that the large size reinforced particles have been fractured and decohesion 
has happened with the small sized particles. Some of the voids seen in the fractured surfaces are having void 
diameter either more or lesser than the than the average reinforced particle size.  
 
4.0 Conclusion: 
Microstructure studies on Al6061-Si3N4 composites reveal even distribution of silicon nitride particles in both as 
cast and hot forged conditions with excellent bond between the matrix and the reinforcement. Fatigue strength of 
composites is higher when compared with that of matrix alloy for both as cast and hot forged composites.  Increased 
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content of hard reinforcement in the matrix alloy leads to enhancement in fatigue strength of both as cast and hot 
forged composites. However, when compared to as cast alloy and its composites hot forged alloy and its composites 
exhibited higher fatigue strength. The enhancement in the fatigue strength of the developed composites are 
significant at lower stress levels than the higher stress levels in both as cast and hot forged composites.   
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